Heat flow values were estimated in the Nankai Trough fore-arc slope region off Kii Peninsula from the Bottom-Simulating Reflector (BSR) and other data obtained during IODP Expeditions 315 and 316. The heat flow has an uncertainty of ∼20% mainly due to ambiguities in the temperature estimate at the BSR and uncertainties on the thermal conductivity. BSRs occur intermittently in the Imbricate Thrust Zone (ITZ). They are significantly shallower below anticlines, designated "Anticlinal High Zone" (AHZ), than in the adjacent synclines ("Basal Low Zone" (BLZ)). The heat flow in the BLZ (55-65 mW/m 2 ) is consistent with the regional heat flow trend. The shallow BSR in the AHZ produces an apparent high heat flow anomaly of 70-90 mW/m 2 , and discontinuities are observed across thrust faults. The most likely cause is the transient effect of thrust faulting followed by erosion on the hanging wall side. A one-dimensional time-dependent numerical model, with latent heat for hydrate and gas transition considered, indicates that the relaxation time for the BSR to reequilibrate after such a disturbance is ∼10 kyr. Although the possibility that the shallow BSR is a remnant base of hydrate stability zone cannot be ruled out, if the shortening has occurred in the recent 10 kyr the convergent rate at the ITZ would be ∼30 m/kyr, which is much larger than the recent horizontal shortening across the megasplay fault, and could even exceed the portion of the plate convergence than that accommodated at the frontal thrust.
Introduction
[2] The Nankai Trough fore-arc system (Figure 1 ) forms an active subduction complex with a seismogenic zone of great earthquakes and tsunamis. Along the Nankai Trough, the Philippine Sea Plate, with its age range of 15-25 Ma [Okino et al., 1994] , is subducting beneath the Japan island arc at ∼5.8 cm/year [DeMets et al., 2010] . Similar to other subduction zones in the world located close to the continent or island arcs, the floor of the trough is filled with thick turbidite sediment, which is offscraped to form an accretionary prism landward of the trough. In the Kumano transect (Figure 2) , however, the frontal imbrications appear to have ceased until recently and the frontal thrust extends 6km landward [Moore et al., 2009; Screaton et al., 2009b] . In the imbricate thrust zone (ITZ; Figure 2 ), progressive deformation due to horizontal tectonic compression has formed a series of thrust faults beneath the fore-arc slopes. Between the ITZ and décollement is a low velocity zone (LVZ; Figure 2 ) .
[3] The thermal structure of an accretionary wedge complex provides one of the critical keys to understand the mechanism for subduction zone earthquakes. Heat flow data provide an essential constraint toward more reliable thermal modeling. In the Nankai Trough region, heat flow data have been obtained through probe measurements [Kinoshita et al., 2008] . However, it is difficult to obtain reliable heat flow values in the fore-arc slope region because of rugged topography, rapid sedimentation/erosion due to landslides [Strasser et al., 2009 , and temperature variations in the water column that disturbs subbottom temperatures.
[4] An alternative way to determine heat flow is to use the depth to bottom-simulating reflectors (BSRs), which define a boundary between the hydrate-rich formation above and a gas-bearing layer below [e.g., Shipley et al., 1979; White, 1979] . The occurrence of gas hydrate is controlled by temperature, pressure and composition of gas and water [e.g., Kvenvolden, 1993] . Using this relationship, the first developments of this method were conducted in the Nankai prism [Yamano et al., 1982; . In deep sea areas, BSRs are located a few hundreds of meters below the seafloor. Thus short wavelength variations are filtered out and regionally averaged heat flow values can be obtained. Martin et al. [2004] used 3D seismic reflection data in the eastern Nankai Trough to calculate heat flow from the BSR, and demonstrated that the heat flow anomalies can be best explained by active erosion and sedimentation on the fore-arc slope. [5] BSRs are mostly identified in continental margins. They are identified as reflections that are parallel to subparallel to the seafloor bathymetry. The polarity of reflected seismic wave is reversed to that from the seafloor, indicating that a lower velocity layer underlies higher velocity sediment. For example, the velocity structure of the sediments and the precise depth of the BSR in Blake Ridge were determined with vertical seismic reflection profiles conducted during ODP Leg 164. Holbrook et al. [1996] report that the velocity of sediments overlying the BSR at ODP Site 997 is ∼1850 m/s whereas velocities of ∼1400 m/s were measured beneath the BSR, and indicated the presence of free gas. [6] To form an identifiable BSR in the seismic profiles, a strong contrast in the acoustic impedance between above and below BSR is necessary, which is attributed to the existence of a hydrate zone above, but more significantly, to the presence of free gas below the base of gas hydrate stability (BGHS) interface [e.g., Singh et al., 1993] . [7] Through numerical simulation of mass balance equations, Davie and Buffet [2001] showed that in situ biogenic methane production can explain an observed hydrate distribution in the Blake Ridge, and that hydrate is unlikely to occupy more than 7% of the pore volume in a passive margin where no deeper sources of fluid is supplied. Hyndman and Davis [1992] found that BSRs, while rare in normal-setting deep sea basins, are common in coarse clastic accretionary sedimentary wedges. [8] In accretionary wedges, some mechanism to collect a large enough volume of gas is required, such as upward fluid migration or hydrate recycling by dissociation of hydrate [e.g., Kvenvolden, 1993] . Ashi et al. [2002] pointed out that strong BSRs are attained by upward migration of fluid or gas, sedimentation, uplift and tectonic stacking. Haacke et al. [2007] show that free gas accumulation beneath the gas hydrate stability zone (GHSZ) is dominated by hydrate recycling in active areas with rapid rates of upward fluid flow and seabed uplift, such as in subduction zone accretionary wedges.
[9] Assuming the hydrate phase is Type I pure methane hydrate, the depth to the BGHS is primarily constrained by the formation temperature and pressure. Then BSRs can be interpreted as a proxy for environmental/tectonic disturbances, such as climate or sea level changes, landslides, uplift/subsidence, sedimentation/erosion [e.g., Kvenvolden, 1993] , or fluid flow along permeable pathways such as fault zones [e.g., Hyndman and Davis, 1992] . On the other hand, Ruppel [1997] showed that the occurrence of the Blake Ridge BSR at an anomalously shallow depth (or that the temperature at BSR estimated from borehole measurements is shifted by −2°C or more) cannot be explained by realistic combinations of sea level rise and bottom water temperature increase, and suggested that the properties of sediments or pore fluids (e.g., capillary forces in clay-rich sediment) may inhibit the stability of gas hydrate. Through a thermodynamical calculation for hydrate formation, Henry et al. [1999] argued that this temperature anomaly requires additional factors such that the system is not in thermodynamic equilibrium but is controlled by the kinetics of hydrate nucleation and growth.
[10] The multidisciplinary Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) are being carried out across the accretionary prism in the Nankai Trough in order to understand the mechanism of great earthquakes and tsunamis along subduction zones [Tobin and Kinoshita, 2006; Kinoshita et al., 2009] . In 2006, a 3-D seismic reflection survey was conducted off Kumano in preparation for Integrated Ocean Drilling Program (IODP) drilling [Moore et al., 2007 [Moore et al., , 2009 . High-resolution images in the shallower portion enable detection of BSRs beneath the fore-arc slope, as well as in the Kumano fore-arc basin area. BSRs had barely been identified in this region through previous 2D seismic surveys [e.g., Park et al., 2002] . The deformation structures and depositional/erosional features are also imaged in detail. Bangs et al. [2010] noticed the existence of a paleo-BSR above the present BSR near a V-shaped depression on the southern edge of the Kumano Basin. They attribute the paleo-BSR to the erosion that produced a V-shaped 'notch' structure (KBEFZ in Figure 2 ).
[11] Since 2007, a suite of IODP expeditions has been carried out within the 3-D seismic survey area. So far 13 sites have been drilled from the Shikoku Basin to the Kumano fore-arc Basin (Figure 1) , and physical properties were systematically obtained both by in situ downhole logging and by core measurements onboard. [12] In this paper, we report the heat flow values estimated from the depths of BSRs in the imbricate thrust zone (ITZ [Moore et al., 2009] ) beneath the fore-arc slope. To estimate the heat flow we used the thermal conductivity [Harris et al., 2011] and P wave velocity data measured on core samples or logged in the nearby boreholes drilled during IODP Expeditions 315/316 Screaton et al., 2009a] . Based on the spatial distribution of BSR depths, we propose a model to explain some local BSR depth anomalies in the ITZ by considering the transient thermal effect due to faulting.
Heat Flow Estimation From BSR
[13] Heat flow can be estimated as the product of vertical temperature gradient and the thermal conductivity of the formation The most direct method is to penetrate a geothermal probe into the sediment, in which 6-8 thermistors are mounted along a 4-6 m long lance [e.g., Hyndman et al., 1979] . This provides the value of the temperature gradient through the seafloor. During drilling operations, temperature measurements made ahead of the drilling bit can provide heat flow values down to a depth of a few hundred meters below the seafloor [e.g., Davis et al., 1997] .
[14] The other method used in this study is based on BSR depth, first introduced by Yamano et al. [1982] . This method assumes that the location of the BSR corresponds to the present base of hydrate stability zone (BHSZ). Temperature gradients can be calculated from the interval between the seafloor and BSR and temperatures on the seafloor and at the BSR.
BSR Horizon Picking
[15] We first used the prestack time migration (PSTM) volume data [Moore et al., 2007] to identify BSR horizons. Picks were made manually by eye, using commercial software "Paradigm 3D Canvas," on every 10 inline profiles from IL2130 to IL2750, in the fore-arc slope region between crossline ∼XL4020 and ∼XL4900. Criteria for recognizing the BSR include the polarity of first arrival being opposite to that from the seafloor, and that the reflector is nearly parallel to the seafloor at ∼400 msec (two-way traveltime).
[16] The time domain records are probably more accurate for picking horizons than the depth-domain records because the wavelength remains constant throughout the vertical direction. However, we had problems with picking BSR horizons which are parallel to strata. [17] Because the BSR in images from the prestack depth migrated (PSDM) volume is much clearer than in the time domain images [Moore et al., 2009] , our final picks were modified using the PSDM volume, at every 5 to 10 inlines between crosslines 4000 to 4900. The PSDM data volume has spacing of 12.5 m between crosslines and 18.75 m between inlines, thus establishing the spatial resolution for the BSR at 12.5 m in the inline direction (SE to NW) and 18.75 m in the crossline direction (SW to NE). We could identify more horizons in the PSDM data with fewer ambiguities such as BSRs parallel to the strata below anticlines.
[18] Our interpretation shows that the distribution of the BSR in the fore-arc slope region is limited to the region between the footwall of the megasplay and the uplift zone near the accretionary prism toe (Figures 3-5) . Also, on a more localized scale, BSRs seem to appear mostly on the rim of anticlines, obliquely crossing anticline-forming strata, as shown in Figure 4 around crosslines 4400, 4500 and between crosslines 4600 and 4700. [19] To assess the uncertainty in the estimates of depth to BSR, P wave velocities (Vp) were compared at drill sites C0001/C0004/C0006, between log velocities obtained by the Logging-While-Drilling (LWD) sonic tool during IODP Expedition 314 and the interval velocity model obtained from several iterations of 3D prestack depth migration analysis combined with 3D horizon-based tomography ( Figure 6 ). [20] Velocities basically match to one another in the shallow portion above the BSRs, but at Site C0004 (shallow megasplay), the LWD velocity is higher than the interval velocity by up to 200 m/s. To assess how the BSR depth is sensitive to the velocity model, we compared the depth corresponding to 400 msec (TWT) using LWD-based and interval velocity models by simply integrating the velocity from 0 to 400 msec. Their difference ranges from 2 m at Site C0001 to 25 m at Site C0006, and at all sites the interval velocity model yields deeper depths than with the LWD velocity model. [21] Such uncertainties in the BSR depth lead to uncertainties in temperature gradient (and thus heat flow estimates). The heat flow values would change by 6% for 25 m difference and 0.5% for 2 m difference.
Uncertainty Due to Errors in the Velocity Model
[22] Tobin et al. [2009] showed that the depth at the base of the methane hydrate layer at Site C0002 (at 400 m below the seafloor) coincides well with the BSR depth in the 3D seismic volume data. It gives us confidence about the accuracy of the BSR depth estimated in this study. We conclude that the uncertainty in heat flow due to uncertainty in Vp profiles is at most 5%.
Uncertainty Due to Resolution Limit in the Seismic Data
[23] Resolution of the seismic data is defined as one fourth of the wavelength of the data. Moore et al. 
Smoothing of Bathymetry
[24] Blackwell et al. [1980] showed that the topographic effect on subsurface temperature field is attenuated in the form:
where z is the depth below the seafloor, k is the wave number of topographic undulation (and thus the spatial temperature variation at a horizontal plane near the seafloor), and l is the maximum wavelength of the topographic undulation. Thus, topographic relief whose wavelength is shorter than 2pz does not affect the temperature at depth z.
[25] For this area where the BSR depth is ∼400 m, bathymetry was smoothed by applying a Gaussian filter to the 2D bathymetry. The cutoff wavelength is 1km (2s), at which wavelength the surface temperature variation is attenuated to ∼10% around the BSR depth. This filtered bathymetry is used to calculate the smoothed subbottom depth to BSR, which is then used to calculate the temperature gradient.
[26] Martin et al. [2004] applied similar smoothing to the BSR. In this study, however, we did not apply smoothing to the picked BSR data, because any short-wavelength variation in the BSR is attributed to a local origin and should not be filtered out.
Temperature and Pressure at BSR Horizon
[27] The temperature at the BSR is estimated from the P-T curve for hydrate stability based on laboratory data. There are numerous papers describing the P-T conditions for methane hydrates [e.g., Dickens and Quinby-Hunt, 1994; Grevemeyer and Villinger, 2001; Maekawa et al., 1995] . They are basically identical at 30-40 MPa, except for Dickens and Quinby-Hunt [1994] , which is applicable to 2.75-10 MPa. In this study we use the relationship by Maekawa et al. [1995] for the dissociation of seawater with 3.5 wt% NaCl solution. Low salinity pore fluid of about 20‰ at the BSR rather than the normal 35‰ salinity of seawater could result in a heat flow error of about 6% [He et al., 2007] .
[28] Grevemeyer and Villinger [2001] pointed out that the temperature at BSR depth can vary by 20% due to capillary forces, chemical impurities or nonequilibrium conditions, if calibration by heat probe measurements is not available.
[29] The pore pressure at the BSR should be between lithostatic (upper bound) and hydrostatic (lower bound) states, depending on the hydrological condition between the seafloor and BSR. He et al. [2007] suggested that the pore pressure is more likely in a hydrostatic state down to BSR depth, because it is not deep enough to cause overpressures. Martin et al. [2004] also assume a hydrostatic pore pressure for temperature estimation at the BSR in the eastern Nankai Trough, because the slopes of an accretionary wedge cannot be maintained under overpressure conditions and because the temperature measured at a nearby well supports a hydrostatic condition above the BSR. Ashi et al. [2002] assume an intermediate density of 1.5 g/cm 3 in the sediment column between the seafloor and the BSR in the western and eastern Nankai Trough. Shyu et al. [2006] assume lithostatic conditions and use a density of 1.7 g/cm 3 for the sediment column above the BSR in the accretionary wedge off southwestern Taiwan.
[30] During the IODP Expeditions we obtained in situ borehole pressure while drilling, called the Annular Pressure (APRS-MWD) . Although the measurements are made at the annulus near the drill bit and the data is influenced by the pump pressure, they basically remain near hydrostatic pressure conditions except for the lower section (lower than 500 mbsf) at Site C0001.
[31] Thus we assume that the fore-arc slope studied here is in hydrostatic equilibrium. The pore pressure at the BSR horizon is simply calculated by integrating the weight of overburden seawater above BSR and using a seawater density of 1.024 g/cm 3 . We also estimated heat flow for a lithostatic condition using a density = 1.7 g/cm 3 in the sediment column. The difference is 2-3 mW/m 2 . These density differences lead to a systematic increase in heat flow of less than 1% [He et al., 2007] .
2.6. Seafloor Temperature [32] Temperature at the seafloor is determined as 2°C, based on CTD measurements on the seafloor during submersible dive, or on mudline temperatures during IODP Expeditions 315 and 316. H. Hamamoto et al.
(Heat flow distribution and thermal structure of the Nankai subduction zone off the Kii Peninsula, submitted to Geochemistry, Geophysics, Geosystems, 2011) pointed out that there is a significant amount of annual temperature variation with amplitude of 0.15°C near the seafloor in the Kumano Basin and the fore-arc slope region. Since the thermal skin depth for 1 year long temperature variation is ∼10 m, temperature variation in the bottom water does not affect the heat flow estimation from depth to BSR.
Thermal Conductivity
[33] Since we do not have direct measurements of thermal conductivity in the ITZ, conductivity was estimated from the empirical relationship between P wave velocity (Vp) and thermal conductivity. A similar approach is made for IODP NanTroSEIZE drill sites below the depth of coring. The relationship between Vp and thermal conductivity for IODP NanTroSEIZE sites in the fore-arc slope area (Figure 7 ) is generally in good agreement with previous studies [e.g., Horai, 1981; Martin et al., 2004] , although the result from Martin et al. [2004] gives a slightly higher estimate of thermal conductivity (by 0.1 to 0.2 W m −1 K −1 at Vp = 2 km/s).
[34] We use the thermal conductivity value of 1.3 W m −1 K −1 in this study, although the uncertainties are as large as 0.1 W m
, due to the discrepancies in measured versus model velocity and the scatter in thermal conductivity measurements. [35] In summary, the heat flow estimated from BSR depth can have uncertainty of 20% or even more. The largest sources of uncertainties are temperature at BSR depth and thermal conductivity, but other sources can cause error of up to 10%.
Distribution of BSR and Apparent Heat Flow
[36] In the ITZ, we recognize three major ridges trending subparallel to the trench which are identified in Figure 4 , between crosslines 4200-4400, 4500-4650 and 4750-4850. Moore et al. [2009] indicated that an apparent strike-slip fault offsets these ridges in the ITZ (Figure 8 ).
[37] Clear BSRs are typically associated with the landward slopes of anticlines below the ridges, parallel to the seafloor or obliquely crossing the stratigraphic reflectors upward toward the axis. One of the obliquely crossing BSRs (Figure 4 ; IL2575 between XL 4470-4380) seems to continue toward a stratum with stronger reflectivity below the anticline (XL 4360-4300). We suspect that this reflector coincides with the BSR, although we cannot discriminate the polarity change due to hydrate/gas transition with one resulting from lithological variation. Noteworthy is that these reflectors are significantly shallower than those in the slope zones. Possible BSRs near the axis of anticlines seem to continue seaward, until they are truncated in the slope, and appear again at a depth similar to one on the landward slope. For the convenience of discussion here, we designate the shallow BSR below the ridge axes "Anticlinal High Zone (AHZ)," and designate the other BSR "Basal Low Zone (BLZ)." [38] On inlines 2260, 2450 and 2575, some AHZ and BLZ slightly overlap between crosslines 4200 and 4300. On inline 2747 we can recognize the double BSRs between crosslines 4350 and 4500 (Figure 4e) . A series of thrust faults cross between AHZ and BLZ, which would give the impression that the thrust faulting resulted in the offset between AHZ and BLZ in the seaward slope. BSRs are not seen below synclines.
[39] BSRs can be identified only in the ITZ and no BSRs are visible either around the megasplay fault or the accretionary toe zones (Figure 8) . In plan view, high heat flow at AHZ extends along the ridges and is truncated by the strike-slip fault.
[40] A heat flow cross section projected across the accretionary prism (Figures 9a and 9b) shows that the BSR-derived heat flow is generally consistent with the heat flow trend which gradually decreases landward, from 120 to 140 mW/m 2 in the Shikoku Basin to ∼55 mW/m 2 in the Kumano Fore-arc Basin. Note that the heat flow measured using geothermal probes is susceptible to be modified by bottom water temperature variations and sediment/erosion effects. Furthermore, some of them are the projected values and along strike variability may be large. [41] In closer view, the BSR-derived heat flow is apparently classified into two populations, 55-65 mW/m 2 at BLZ and 70-90 mW/m 2 at AHZ (Figures 9c and 9d) . This is demonstrated more clearly by comparing the observed BSR with the theoretical BSR, estimated using a method similar to that used to calculate heat flow in the previous section, for a given water depth and a basal heat flow. An example of the simulated BSRs (Figure 10, yellow dashed curves) , 2009b , 2009c , 2009d Harris et al., 2011] . The maximum depth for in situ temperature measurements is 250 m below the seafloor, almost equivalent to the depth of BSRs (300-500 m below the seafloor).
Shallow BSR Anomaly Below Anticlines
[43] Figure 10 shows that the discontinuity in the BSRs between AHZ and BLZ occurs across the thrust faults forming the ITZ. The amount of discontinuity in the BSRs below the seaward slopes of anticlines reaches as much as 200 m at water depths of ∼3500 m. The apparent heat flow values suggest that the BSR at AHZ is shallower than thermally equilibrated BSR depth.
[44] Changes in the bottom water temperature or in the sea level are ruled out as a mechanism of such discontinuity, simply because they should affect the whole region. Fluid migration along the fault is reported as a thermally uplifted BSR near a thrust in the Cascadia accretionary prism [Shipboard Scientific Party, 1994] , In this region, however, we find no clear evidence for fluid flow at anticlines, such as cold seeps and biological communities on the seafloor, or seismic evidence for shallowing BSR toward the fault.
[45] Thrust faulting will be followed by uplift and erosion on the hanging wall side of the thrust, and by the subsidence and sedimentation on the footwall side. The uplift can cause upward migration of BGHS because the pressure at the BSR is reduced. The amount of such migration, as derived from the P-T phase diagram, is only 3-4% of the total uplift at a water depth of ∼2500 m and at the basal heat flow of 60 mW/m 2 . In other words, if a block is uplifted by 100 m, the BGHS depth below the seafloor becomes shallower by only 3-4 m, which is much smaller than the observed discontinuity.
[46] Thus we suggest that the shallow BSR below anticlines is primarily a result of the erosion caused by the uplift along the anticlines. Hornbach et al. [2008] demonstrated that the gas hydrate stability boundary significantly varies in areas of high sedimentation or erosion. These activities have to be considered as time-dependent phenomena.
BSR Adjustment Following the Uplift and Erosion
5.1. Model [47] In the ITZ, a series of thrust faults cause uplift on the landward side and subsidence on the seaward side (Figure 11 ). For an instantaneous fault offset, the BSR horizon should also be geometrically shifted across the fault plane.
[48] On the hanging wall side, the BSR horizon becomes shallower instantaneously by the same amount as the fault offset (Figure 11b) . Likewise on the footwall side, the formation will subside and sediment will fill the trough. The pressure effect on BGHS migration is small and ignored.
[49] The uplift will be followed by erosion (Figure  11c ), as seen in seismic profiles (e.g., Figure 10 ). We cannot determine the exact time and amount of erosion directly. But if we assume that the uplifted sediment layers remain parallel through faulting, extrapolation of the landward slope layer (which we assume is not eroded) parallel toward the seaward side provides a rough estimate of erosion amount as ∼100 m (Figure 10b ). Note that erosion does not affect the pressure at the BSR, because we assume here a hydrostatic state down to BSR depth. Therefore the model should only have to deal with thermal diffusion process.
[50] The geothermal field around the fault will reequilibrate to this new geometry, and the BGHS on the hanging wall side should gradually deepen following the change in temperature. The time constant for the adjustment depends on thermal diffusivity and the amount of adjustment. More importantly, the latent heat of fusion, absorbed or released for phase transition between hydrate and gas, should significantly affect the amount of phase boundary displacement [Golmshtok and Soloviev, 2006] and reduce the thermal adjustment rate [Kinoshita et al., 1998; Sultan et al., 2004] , Thus, the BSR across the fault zone remains discontinuous for a while (Figure 11c ) before it is readjusted and continuous again (Figure 11d ).
One-Dimensional Numerical Calculation
[51] We construct a one-dimensional time-dependent numerical model in order to simulate the temporal change in the depth of BGHS after sudden uplift and erosion on the hanging wall.
[52] The effect of latent heat across the gas/hydrate phase transition is incorporated in the model. Sultan et al. [2004] introduced an enthalpy form of the conservation of energy in order to simplify the numerical treatment. We took a similar approach but in the temperature form. In each 1-D grid we define a heat buffer with its size equal to the latent heat for gas/hydrate transition. This buffer is empty for hydrate and full for the gas. The new temperature at each grid (depth) T′ is calculated using an ordinary thermal conduction equation, and is adjusted according to the state of the buffer. While the buffer is partially filled (i.e., this grid is in the phase transition state), external thermal energy is exchanged only with this buffer, and T′ is fixed to be the phase transition temperature at that depth (T H ), until this buffer becomes full or empty.
[53] Parameters used in the simulation are listed in Table 1 . We set the latent heat of hydrate dissociation/formation as 500kJ/kg [Ruppel, 1997] . We have no data on the hydrate saturation and porosity in the ITZ, thus calculations were made on three different values for total hydrate weight content, 0, 10 and 20%. Thermal diffusivity is set as 3.3*10 −7 m 2 /s. [54] Water depth before erosion is set at 2600 m, and the total amount of uplift ( = erosion) is given as 100 m. The change should be an integration of multiple events with various amplitude (one to a few tens of meters), each of which has occurred repeatedly in different times. Thus we calculated three scenarios; a single event with 100 m offset, 10 events with 10 m offset at every 100 years and at every 1000 years.
[55] Temperature gradient is assumed as 60 mK/m, resulting in the BSR depth of ∼300 m below the seafloor.
Results
[56] The time variation of the BGHS depth after the onset of uplift and erosion is shown in Figure 12 . Dependence of the thermal equilibration time constant on hydrate inclusion is also shown. For a single event scenario with 100 m uplift/erosion, the time to recover 50% of the initial depth shift is 7,000 years for 0% total hydrate fraction, 12,000 years (10%), and 16,000 years (20%). For multiple events scenario with 10% hydrate fraction, the time constant is 12,000 for the 100 year interval case and 20,000 years for the 1,000 year interval case. Both cases give a time constant basically similar to that for a single event scenario. Thus in either scenario, the uplift and erosion should have occurred within ∼10,000 years before present, if the observed BSR corresponds to the present P-T condition.
[57] On the other hand, if the tectonic events have occurred earlier than ∼10,000 years, the shallow BSRs in the AHZ cannot correspond to the present BGHS. Similarly, multiple uplifts would be difficult to maintain the original thermal state if the event Figure 12. Transient effect of sudden uplift followed by erosion (by 100 m) on the depth change in BSR. Numerical simulation of 1D time-dependent thermal conduction model, taking the latent heat of hydrate formation/dissociation into account. The original BSR depth is assumed as 2950 m. Smooth curves, single event with 100 m offset, with the total hydrate weight content of 0, 10 and 20%; stepwise curves, 10 events with 10 m offset at every 100 years (red), at every 1000 years (black).
interval is longer than ∼1,000 years. In such cases, the shallow BSR anomaly would be a remnant BSR.
Discussion
[58] Ages of slope sediment and the accretionary prism near the megasplay fault zone were revealed from the paleontological and paleomagnetic analyses at Sites C0004 and C0008 [Expedition 316 Scientists, 2009a , 2009d . The accretionary prism at Site C0008 was formed at a frontal prism toe position sometime between 2.87 and 1.95 Ma [Strasser et al., 2009] . Near the present accretionary toe position at Sites C0006/C0007, ages of accreted sediments are 0.4-1 Ma [Expedition 316 Scientists, 2009b , 2009c . By interpolating results from Sites C0004/C0008 and Sites C0006/C0007, the depositional age of the accretionary prism at ITZ should be between 1Ma and 2Ma ( Figure 11a ).
[59] Strasser et al. [2009] indicated that the activity of the megasplay thrust crossing Site C0004 decreased during 1.8-1.55Ma, and suggested that the plate convergence was more efficiently accommodated by forward propagation of the deformation front, creating an in-sequence frontal imbrication. We infer that the thrusts in the ITZ was originally formed between 1.8 and 1.55 Ma.
[60] The erosional feature on the seaward slope of the anticline (Figure 10 ) indicates that the surface sediment erosion has been occurring up to the present. Also, as shown in Figure 10b , some faults offset the sediment near the seafloor, and a series of small offsets (10-20 m) across the thrust faults are identified (yellow arrows between crosslines 4200 and 4300). In addition to the numerical simulation in this study, these lines of evidence strongly suggest that the ridges in the ITZ should have been uplifting since 10 kyr B.P. In this case, the thermal regime and the BSR depth in the AHZ have not yet equilibrated after the uplift, resulting in anomalously shallow BSR depth.
[61] It does not, however, preclude the possibility that the shallow BSR below anticlines is a remnant BSR. If a remnant BSR is caused by the past uplift/ erosion before 10 kyr, the present BGHS should be located deeper than BSR; it would either be seen as a deeper part of the overlapping/double BSR, or it has not yet established a strong enough impedance contrast. The upper BSR could be the base of a hydrate cemented layer within the GHSZ, below which the hydrate has not been formed dense enough to eliminate the impedance contrast.
[62] We infer that the primary mechanism for generating the double/overlapping BSR here would be the erosion due to uplift. Other mechanisms, such as increase in the bottom water temperature, sea level rise or tectonic uplift, are suggested for the double BSR in the eastern Nankai Trough [Foucher et al., 2002; Matsumoto et al., 2004; Golmshtok and Soloviev, 2006; Takeuchi and Matsumoto, 2009] . However, they do not apply in this area due to the same reason described in section 4 in this paper.
[63] Based on the drilling results and observations from 3D seismic profiles at the toe of Nankai accretionary prism, Screaton et al. [2009b] suggest that the frontal thrust system would have accommodated at least ∼13 to 34% of the total plate convergence since the time between 0.436 and 0.78 Ma. Horizontal shortening at ITZ may be ∼300 m as estimated from the vertical uplift (∼100 m) and the dip angle of the thrust (15∼20°). Although we have no independent age constraints in the ITZ, if the shortening has occurred in the recent 10 kyr the convergent rate would be ∼30 m/kyr. It is much larger than the recent horizontal shortening rate of ∼1 m/kyr at the megasplay fault , and shares a significant portion of the total plate convergent rate (∼50 m/kyr).
[64] We cannot exclude the possibility that the shallow BSR below anticlines is a remnant BSR generated by past uplift/erosion before 10 kyr. Nevertheless, the lines presented in Figure 4 (notably inline 2180 and inline 2575) provide compelling evidence that the thrust faults offset the seafloor and, therefore are active.
[65] As pointed out earlier, the zones of anomalously shallow BSR (AHZ) are only found north of a scarp interpreted as a strike-slip fault. Furthermore, the apparent heat flow anomalies, as well as the evidence for active thrusting in the seismic profiles appear to fade northeastward along the thrust, away from the intersection with the strike slip fault. There is little doubt that, locally, the ITZ shares a significant amount of the total plate convergent rate with the frontal region. How, and on which structures, the motion is transferred laterally remains to be understood.
Conclusions
[66] BSR-derived heat flow values are added in the fore-arc slope region where surface heat flow data were difficult to obtain because of rough topography and noise from bottom water temperature variation. The base value, 55-65 mW/m 2 , is generally con-sistent with heat flow obtained at IODP drillsites. An anomalously shallow BSR below the axes of three anticlines in the imbricate thrust zone produce an apparent high heat flow anomaly of 70-90 mW/m 2 . Such BSRs are terminated or discontinuous across the thrust fault zone. We propose that the anomalously shallow BSR on the forelimb of thrust anticlines and the BSR discontinuity across these fault zones are primarily caused by active thrusting followed by erosion, occurring over the last 10 kyr or more.
[67] Thrusting within the ITZ represents, at least locally, a significant portion of the plate convergence motion. This shows that the internal deformation within an accretionary wedge should not be neglected, even at a time when no frontal accretion is occurring.
